Before discussion on the future, historical evolutions of optical fibers in Fig. 1 shall be described, which is the result for overcoming the dispersion, attenuation and nonlinearity. In the earliest days, multi-mode fiber (MMF) was deployed. Then in the 1980s, "standard" single-mode fiber (SSMF) that has no modal dispersion is used for backbone networks. SSMF has the zero-dispersion wavelength around 1300nm and the lowest attenuation around 1550nm. In order to minimize both the chromatic dispersion and attenuation, dispersion-shifted fiber (DSF) that has zero-dispersion wavelength around 1550nm was deployed in the late 1980s. With a realization of Er-doped fiber amplifier (EDFA), wavelength division multiplexing (WDM) technology enables the transmission capacity to explosively increase from the mid-1990s. In WDM systems, FWM easily generates in a fiber having the zero-dispersion at a signal wavelength, and severely distorts signals pulses. Therefore, various non-zero dispersion shifted fibers (NZ-DSF) have been developed to overcome Kerr nonlinearity. At around the same time, dispersion compensation fiber (DCF) was developed for compensating chromatic dispersion of SSMF almost perfectly in the EDFA bandwidth. Hence, the majority long haul transmission lines are composed of SSMF and DCF today. As mentioned in introduction, systems based on digital coherent detection do not need in-line DCF but require higher OSNR, and therefore, SSMF, whose nonlinearity and attenuation are lower than those of NZ-DSF, is considered as the best for the tomorrow's long-haul transmission.
INTRODUCTION
As the demand for broadband internet-traffic continues to increase at about 2dB per year, it would become a possible reality of the "capacity crunch" in the very near future [1] . A straightforward way to keep up with the explosive traffic growth is to increase the transmission capacity per a fiber; 10Tb/s system based on 100Gb/s signal is about to launch the service. Recent capacity progress in the labs depends on the spectral efficiency enhancement using higher-order signal formats with a digital coherent detection that can equalize for practically any amount of linear transmission impairments of accumulated chromatic dispersion and PMD [2] . With the "electronically" processing, required performance for "optical" system becomes simple, increase the OSNR [3] . However, in fiber-transmission system, the spectral efficiency shall exhibit a maximum at a certain OSNR because of Kerr nonlinearities generated through fibers [2] . Kerr nonlinearities, including selfphase modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM), are accumulated with increasing the signal power and fiber length, and are difficult to be compensated even with digital equalization. As a result, Kerr nonlinearities are always bad for data communications [4] , and the linearity-enhanced optical fibers having the lowered attenuation and enlarged effective area (Aeff) are strongly expected. Actually, ALL hero transmission experiments reported at ECOC2009 and OFC/ NEOFC2010 conferences, linearity-enhanced optical fibers have been used as transmission lines.
Here, state-of-the-art linearity-enhanced fibers for long-haul systems will be described. Then, the required performance of transmission fibers for future high-capacity long-haul systems from the viewpoint of OSNR improvement will be discussed. In addition, some prospects of evolutional fibers to prevent the transmission capacity from crunch will be briefly described. The SSMF is doped with GeO 2 in the core area and typically has the attenuation of 0.19dB/km. Pure-silica core fiber (PSCF) has substantially no concentration fluctuation of dopant in the core, and therefore, its typical attenuation is around 0.17dB/km at 1550nm as shown in Fig. 1 . In 1999, we proposed a PSCF having enlarged Aeff of 110m 2 [5] , and today, 110m
2 -Aeff PSCF with attenuation of 0.16dB/km is commercially available. As the record-low attenuation, we realized a PSCF wtih 0.15 dB/km [6] also shown in Fig. 1 . Because of the significantly low attenuation, PSCFs have been mainly used in subsea cables, and are able to be applied in terrestrial systems as well [7] . To further enlarge the Aeff, the big challenge is to cope with poor macro-and micro-bending Low-loss PSCF: 0.15dB/km 1600 Wavelength [nm] loss performance. In this year, with employing an appropriate refractive index profile and a low Young's modulus primary coating, we demonstrated PSCF with the Aeff of 134m 2 having the equivalent bending sensitivities to that of actually deployed 110m 2 -PSCF [8] . Very recently, we successfully improved attenuation as low as 0.161dB/km at 1550nm as shown in Fig. 3. be noted that low attenuation has the more advantageous impact on the FOM rather than large Aeff for the longer span length, as the case for Fig. 4 (b) . Hence, PSCFs with the lower attenuation will be the better. In (2), we ignored nonlinear refractive index of N2 to simplify the discussion. N2 in PSCF is known to be about 10% lower than that of SSFM [11] , therefore, it should be noted that PSCFs has 0.4dB higher relative FOMs than the contour lines in Figs 4. In these points, linearity-enhanced PSCF (denoted as LE-PSCF in Fig.1 ) could be preferable for beyond 100Gb/s ultra-long haul systems. ], Attenuation[dB/km]) of (110, 0.16) [9] and (150, 0.183) [10] , respectively. A question is, which is the better fiber to improve OSNR? In a system with the spanlength of L longer than several tens of kilometers, figure-ofmerit (FOM) for a fiber having the attenuation of  [dB/km] will be describe as
The first term means the allowable signal input power limited by Kerr nonlinearity considering the Aeff and effective length (~ 4.34/). The second term represents the output power after fiber propagation. Therefore, the FOM is a good parameter for comparing the ONSR among systems using different types of fiber. Providing a SSMF with attenuation of 0.19dB/km and Aeff of 80m 2 as a reference, the relative FOM becomes In order to keep up with the traffic expansion, signal bit-rate much higher than 100Gb/s would be necessary in the next decade. Required OSNR improvement will become much higher than the contour lines shown in Figs. 4, which would be very difficult to realize by extension of existing fibers. Hollow core photonic crystal fibers (HF-PCF) with two orders of magnitude lower nonlinearity may be promising. The biggest challenge is to lower the attenuation to a comparable value to silica fibers, even though the expected attenuation of HF-PCF is 0.13dB/km [12] . Recently, new multiplexing schemes other than time and wavelength have been seriously considered. Multi-core fiber (MCF) having several cores in a single cladding will be a strong candidate [13] , although there will be many challenging including cross-talk reduction among cores, how to input and output signals through each single core, and splicing between MCFs. Mode division multiplexing using MMF is also a hot topic [14] . The similar issues as the MCF should be solved, but MMF, the earliest practically utilized fiber, may have great potentials to future ultra-high capacity systems: fibers for the latest system have been the way back on the historical chart as Fig. 1 .
VI. SUMMARY
To keep up with explosively increase of traffic, advanced transmission fibers are strongly expected. Linearity-enhanced pure-silica core fibers would be promising because of the attenuation as low as 0.15dB/km and Aeff as large as 130m 2 . For the next decade, some "evolutional" fibers are expecting to prevent transmission capacity from crunch. 
